YAP signaling pathway plays critical roles in tissue homeostasis, and aberrant activation of YAP signaling has been implicated in cancers. To identify tractable targets of YAP pathway, we have performed a pathway-based pooled CRISPR screen and identified tankyrase and its associated E3 ligase RNF146 as positive regulators of YAP signaling. Genetic ablation or pharmacological inhibition of tankyrase prominently suppresses YAP activity and YAP target gene expression. Using a proteomic approach, we have identified angiomotin family proteins, which are known negative regulators of YAP signaling, as novel tankyrase substrates. Inhibition of tankyrase or depletion of RNF146 stabilizes angiomotins. Angiomotins physically interact with tankyrase through a highly conserved motif at their N terminus, and mutation of this motif leads to their stabilization. Tankyrase inhibitor-induced stabilization of angiomotins reduces YAP nuclear translocation and decreases downstream YAP signaling. We have further shown that knock-out of YAP sensitizes non-small cell lung cancer to EGFR inhibitor Erlotinib. Tankyrase inhibitor, but not porcupine inhibitor, which blocks Wnt secretion, enhances growth inhibitory activity of Erlotinib. This activity is mediated by YAP inhibition and not Wnt/␤-catenin inhibition. Our data suggest that tankyrase inhibition could serve as a novel strategy to suppress YAP signaling for combinatorial targeted therapy.
The evolutionarily conserved Hippo-YAP (yes-associated protein) 3 pathway is gaining increasing attention as critical regulators in organ size homeostasis, tissue regeneration, and tumorigenesis (1, 2) . Hippo-YAP pathway functions through regulating the activity of transcription cofactor YAP and its paralog TAZ. Central to Hippo pathway is the highly conserved MST1/2-LATS1/2 kinase cascade. MST1/2, in complex with its coregulatory protein Salvador (SAV1), phosphorylate and activate LATS1/2. Hippo kinase cascade is controlled by multiple upstream regulators, most notably tumor suppressor NF2. When Hippo kinase cascade is activated, YAP is phosphorylated by LATS1/2 and sequestered in the cytoplasm. When Hippo kinase cascade is inactivated, YAP enters the nucleus and binds to TEAD family transcription factors to activate the downstream transcriptional program. The Hippo-YAP pathway has emerged as a hub that integrates extra-and intracellular cues, including cell-cell interaction, mechanical and cytoskeletal changes, mitogens, and G-protein-coupled receptor (GPCR) signaling, to control the transcription activity of YAP. Among these regulations, the actin cytoskeleton plays a central role orchestrating extracellular and intracellular stimuli to regulate YAP signaling (2) . Angiomotin family of proteins (AMOTs), including AMOT, AMOTL1, and AMOTL2, are key negative YAP regulators that link cytoskeletal changes and YAP signaling through phosphorylation-dependent and -independent mechanisms (3) (4) (5) (6) .
YAP signaling plays critical roles in cell proliferation and tissue homeostasis, and must be tightly regulated. Hyper-activation of YAP signaling can lead to uncontrolled cell proliferation and is associated with many human cancers (7, 8) . Elevated expression of nuclear YAP protein is observed in many types of cancers, such as lung, liver, prostate, breast, colon, and ovary, and it often correlates with bad patient prognosis. Many mechanisms can lead to increased YAP signaling in cancer, including YAP gene amplification mutation or silencing of negative regulators, mutation of upstream GPCRs, or crosstalk with other signaling pathways (9) . Elevated YAP signaling has been linked to drug resistance. Breast cancer cells with high YAP/TAZ activity show resistance to drugs such as taxol, doxorubicin, and tamoxifen (10 -12) . Furthermore, cancer cells with high YAP activity are resistant to RAF-and MEK-targeted therapies and YAP depletion sensitizes cells harboring BRAF-V600E mutations to RAF and MEK inhibitors (13) . Therefore, small molecules inhibiting YAP signaling are needed to overcome drug resistance in cancers.
Tankyrase 1 (TNKS1) and tankyrase 2 (TNKS2) are enzymes catalyzing poly(ADP-ribosylation) (PARsylation) of protein substrates (14, 15) . Through its ankyrin repeats, tankyrase recognizes substrate proteins and transfers poly-(ADP-ribose) chains to these proteins. Our lab has previously discovered that tankyrase and its associated E3 ligase RNF146 control Wnt/␤catenin signaling through promoting PARsylation-dependent degradation of Axin (16, 17) . Over the years, tankyrase has been implicated in many biological processes and has been proposed as a drug target for cancer therapy (18 -21) .
In this study, we have performed pooled CRISPR screen and identified tankyrase and its associated E3 ligase RNF146 as positive regulators of YAP activity. Using a proteomics approach, we discovered angiomotins as substrates for tankyrases. Inhibition of tankyrase and RNF146 or blocking the interaction between angiomotins and tankyrase leads to accumulation of angiomotins and inhibition of YAP signaling. More importantly, tankyrase inhibition enhances the growth inhibitory activity of EGFR inhibitor in non-small cell lung cancer (NSCLC) through stabilization of angiomotins and inhibition of YAP signaling. Our study represents one of the first examples of pathway-based CRISPR screen for pathway dissection and target identification. Our work uncovers tankyrase/RNF146 as novel regulators of YAP signaling and expands the application of tankyrase inhibitor in combatting YAP-mediated drug resistance.
Results
Identification of RNF146 and Tankyrase as Positive Regulators of YAP Signaling from Pooled CRISPR Screen-YAP signaling is activated in a variety of cancers, and tractable targets are needed to block YAP signaling in cancer. We used a pooled CRISPR screen strategy (22, 23) to identify druggable components of the YAP signaling pathway. NF2, also known as Merlin, is a tumor suppressor and a negative regulator of YAP signaling (24) . We chose to perform the screen in a NF2-deficient background since NF2 deficiency activates YAP signaling and bypasses cell density mediated YAP regulation. HEK293T NF2 KO cells were generated by CRISPR (supplemental Fig. S1 ). GTIIC-GFP, a GFP reporter for YAP/TEAD transcription factor complex (25, 26) , was incorporated into HEK293T NF2 KO cells and HEK293A cells. A Cas9 expression cassette was also introduced into these cells to facilitate CRISPR-mediated gene inactivation.
We constructed a lentivirus library encoding 90,000 individual guide RNAs (gRNA) targeting 18,000 human genes. HEK293T NF2 KO GTIIC-GFP cells were infected with the lentiviral gRNA library and subjected to FACS analysis. Cells expressing low GFP signal and high GFP signal were collected for next-generation sequencing (NGS) and subjected to informatics analysis (Fig. 1A) . Genes/gRNAs underrepresented in the GFP-high population compared with the GFP-low population are expected to be positive regulators for YAP signaling. As seen in Fig. 1B , YAP and its paralog TAZ (also called WWTR1) scored strongly in the screen, demonstrating the robustness of the screen. Much to our surprise, RNF146, a tankyrase-associated E3 ligase originally cloned in our laboratory, is also among the top hits ( Fig. 1B) . We previously discovered that tankyrase negatively regulates Wnt/␤-catenin signaling through promoting degradation of Axin (16) . Our follow-up work revealed that RNF146, a RING domain E3 ligase, binds to PARsylated Axin through its WWE domain and mediates PARsylation-dependent degradation of Axin (17) . RNF146 physically associates with tankyrase and is directly activated by PAR (17, 27) . RNF146 appears to be an E3 ligase dedicated to tankyrase; it mediates all known tankyrase-dependent protein degradation (AXIN1/2, TNKS1/2, BLZF1, CACS3, 3BP2, PTEN) (16, 17, 20, 28) . Because of the close connection between RNF146 and tankyrase, we took a careful look at the screening data and found that TNKS2 also scored as a positive regulator of YAP signaling (Fig. 1B) . However, TNKS2 scored as a weaker hit as compared with RNF146, possibly due to the redundant function of TNKS1 (16) . These results suggest that tankyrase and RNF146 might function as positive regulators of YAP signaling.
To test a potential role of tankyrase in YAP signaling, we determined the effect of two structurally unrelated tankyrase inhibitors TNKS656 (29) and IWR1 (30) on YAP signaling. At 1 M, both inhibitors suppressed GTIIC-GFP reporter activity in HEK293A cells ( Fig. 1C ) and HEK293T NF2 KO cells ( Fig. 1E ). Consistently, both tankyrase inhibitors suppressed the expression of YAP target genes, CTGF, CYR61, and ANKRD1 ( Fig. 1 , D and F). Together, these data suggest that tankyrase positively regulates YAP signaling and the catalytic activity of tankyrase is required for this function.
We then used siRNA to validate the function of tankyrase in YAP signaling. Since TNKS1 and TNKS2 play redundant function, we used two previously validated pairs of siRNAs (16) to simultaneously deplete TNKS1 and TNKS2 in HEK293A GTIIC-GFP cells (supplemental Fig. S2A ). FACS analysis revealed a significant reduction of GFP signal intensity in TNKS1/2-knockdown cells compared with cells transfected with PGL2 control siRNA ( Fig. 1G ), suggesting that depletion of TNKS1 and TNKS2 suppresses YAP activity. We further showed that co-depletion of TNKS1 and TNKS2 reduced YAP target gene expression ( Fig. 1H ). These data further consolidate our finding that TNKS1 and TNKS2 are positive regulators of YAP signaling.
We next asked whether tankyrase inhibition influences the upstream kinase cascade that phosphorylates YAP. Interestingly, phosphorylation status of YAP at serine 127 was not significantly affected by tankyrase inhibitors in HEK293A cells ( Fig. 1I ). Phosphorylation of YAP at serine 127 in HEK293T NF2 KO cells was too low to be detected. These results suggest that tankyrase inhibitors do not have a strong effect on YAP phosphorylation.
Since nuclear translocation of YAP is required for activation of downstream target genes, we examined the effect of TNKS inhibitors on YAP expression in the nucleus. As shown in Fig.  1J , TNKS inhibitors decreased the level of YAP proteins in the nuclear extracts in HEK293A cells. In addition, we performed immunofluorescent staining to assess YAP nuclear localization in response to treatment of tankyrase inhibitors. In HEK293A cells, YAP proteins accumulated in the nucleus at low cell density ( Fig. 1K , DMSO panel). However, nuclear staining of YAP was much reduced in tankyrase inhibitor-treated cells (Fig. 1K , TNKS656 and IWR1 panels). Similar results were also obtained in HEK293T NF2 KO cells (Fig. 1L ). These results suggest that tankyrase inhibitor reduces YAP signaling through reducing its nuclear localization.
Tankyrase and RNF146 Degrade Angiomotins-Next, we sought to identify proteins through which tankyrase regulates YAP activity. To this end, we employed an affinity purification approach to isolate PARsylated proteins specifically modified by tankyrase. RNF146 directly interacts with PARsylated pro-teins through its WWE domain (17) . RNF146⌬RING, an RNF146 mutant retaining the WWE domain but lacking the E3 ligase activity, was used as a bait to purify PARsylated proteins. HEK293T cells expressing SBP-tagged RNF146⌬RING were treated with either PARP1/2 inhibitor ABT888 to reduce background PARsylation, or co-treated with ABT888 and tankyrase inhibitor XAV939 (16) ( Fig. 2A ). Cell lysates were incubated with streptavidin beads and bound proteins were eluted for quantitative mass spectrometry analysis. Proteins reduced in the XAV939-treated sample were candidates of tankyrase substrates. As expected, TNKS1 (also known as TNKS) and TNKS2, which auto-PARsylate themselves, were top hits of this experiment (Fig. 2B ). In addition, we found angiomotin (AMOT) in the top hit list ( Fig. 2B and supplemental Table S1 ). Angiomotin family of proteins (AMOT, AMOTL1, AMOTL2) are known negative regulators of YAP signaling (3) (4) (5) (6) . AMOT exists in two isoforms, a longer p130 isoform and a shorter p80 isoform. We found that tankyrase inhibitors strongly increased the protein level of p130 isoform, but not that of p80 isoform, in HEK293A cells (Fig. 2C ). As controls, tankyrase inhibitors did not affect protein levels of other negative regulators of YAP pathway, including LATS1/2, MST1/2, and SAV1 (Fig. 2C ). Furthermore, tankyrase inhibitors increased the protein level of AMOTL1, a close paralog of AMOT ( Fig. 2C ). Similar findings were made in HEK293T NF2 KO cells ( Fig. 2C ). We also found that siRNA-mediated depletion of tankyrase or RNF146 in HEK293A cells led to accumulation of AMOT p130 protein without affecting AMOT p80 protein ( Fig. 2D, supplemental Fig. S2B ), suggesting that tankyrase and RNF146 specifically degrade the longer isoform of AMOT proteins. Furthermore, AMOT and AMOTL1 proteins accumulated upon MG132 treatment ( Fig. 2E ), indicating that angiomotins are degraded by the proteasome. Consistently, after protein translation was blocked by cycloheximide, the half-life of HA-AMOTL1 was increased when cells were pre-treated with tankyrase inhibitor ( Fig. 2F ). In addition, the GST-WWE domain of RNF146, which specifically binds the poly(ADP-ribose) moiety (17), pulled down endogenous AMOT p130 from MG132-treated cells but not from TNKS656-treated cells (Fig. 2G ), indicating that AMOT proteins are PARylated by tankyrase in vivo. As a control, WWE R163A mutant, which cannot bind to poly(ADP-ribose) moiety (17), did not pull down AMOT proteins ( Fig. 2G ), demonstrating the specificity of pulldown assay. These data are consistent with the idea JULY 15, 2016 • VOLUME 291 • NUMBER 29 JOURNAL OF BIOLOGICAL CHEMISTRY 15259 that tankyrase and RNF146 promote PARsylation-dependent degradation of angiomotins.
Inhibition of YAP Signaling by Tankyrase Inhibitor
Angiomotins Bind to Tankyrase through N-terminal Tankyrase Binding Motif-To further characterize the interaction between tankyrase and angiomotins, we searched for tankyrase binding motifs in all three paralogs of AMOT family of proteins. Ankyrin repeats of tankyrase recognize a consensus of motif of RXXG/PXGX(E/D) (31, 32) , although our recent work suggested that certain deviations can be tolerated (27, 33) . We surveyed the full length AMOT and identified only one motif (RQEPQGQE) that matches perfectly to the consensus tankyrase binding motif (Fig. 3A) . Furthermore, this motif is located within the N terminus of AMOT p130, a region missing from AMOT p80, which is consistent with our earlier finding that AMOT p130 but not the p80 isoform is stabilized by tankyrase inhibition (Fig. 2D ). Importantly, this motif is highly conserved among AMOT, AMOTL1, and AMOL2 (Fig. 3A) . To test the function of this motif, we introduced single point mutations ( Arg 3 Asp or Gly 3 Val) to AMOT and AMOTL1, and tested the interaction between wild-type or mutant proteins with co-expressed Flag-TNKS1 in a co-immunoprecipitation assay. As expected, Flag-TNKS1 only pulled down wild-type AMOT and AMOTL1 but not mutant proteins bearing the mutated tankyrase binding motif (Fig. 3B ). We next assessed the functional consequence of disrupting the physical interaction between tankyrase and angiomotins. If binding between angiomotins and tankyrase is required for degradation of angiomotins, mutation of tankyrase binding motif should lead to stabilization of angiomotins. Indeed, although wild-type HA-AMOT and HA-AMOTL1 were expressed at low basal protein levels that were strongly increased upon treatment of tankyrase inhibitor, HA-AMOT and HA-AMOTL1 mutants bearing the mutated tankyrase binding motif were expressed at much higher basal levels and did not further respond to compound treatment (Fig. 3C) .
These data collectively lead to a conclusion that AMOT and AMOTL1, and likely AMOTL2, are substrates of tankyrase and RNF146 and that their degradation is controlled through tankyrase-catalyzed PARsylation and RNF146dependent degradation.
Angiomotins Are Major Mediators of Tankyrase Inhibitorinduced Down-regulation of YAP Signaling-Next, we asked whether angiomotins mediate YAP inhibitory activity of tankyrase inhibitor. To this end, we co-infected HEK293A GTIIC-GFP-Cas9 cells with virus expressing gRNAs against AMOT, AMOTL1, and AMOTL2, and analyzed YAP reporter expression by flow cytometry 10 days after infection. Since suitable AMOTL2 antibodies are not available, we only examined AMOT and AMOTL1 protein levels in AMOTs knock-out cells. As seen in Fig. 4A , expression of both AMOT and AMOTL1 proteins was significantly reduced in AMOTs knock-out cells. In cells infected with control gRNA, the GTIIC-GFP reporter signal was significantly decreased by tankyrase inhibitor TNKS656 (Fig. 4B, left panel) . However, this decrease was largely abolished in cells infected with gRNAs targeting angiomotins (Fig. 4B, right panel) . Moreover, loss of angiomotins overcame TNKS656-induced suppression of YAP target gene expression ( Fig. 4C) . These results demonstrate that angiomotins are major mediators of tankyrase in regulation of YAP signaling.
Tankyrase Inhibition Synergizes with Erlotinib through YAP Inhibition-Drug resistance in targeted therapy is a major challenge for many anti-cancer drugs. Increased YAP signaling has been linked to resistance to chemotherapies and targeted cancer therapies. Since tankyrase inhibition is able to inhibit YAP activities, we explored if combining tankyrase inhibitor with targeted therapy could provide additional benefits in targeting cancer cells. Interestingly, a previous study demonstrated that tankyrase inhibition potentiated Erlotinib activity in NSCLC, but this activity was attributed to Wnt/␤-catenin inhibition (34) . We set out to test whether the growth inhibitory activity of tankyrase inhibition in NSCLC is mediated by inhibition of Wnt/␤-catenin signaling or inhibition of YAP signaling. We performed checkbox assays (35) to measure the synergistic effect of tankyrase inhibitor TNKS656 and Erlonitib in three NSCLC cell lines, PC9, HCC827, and HCC4006. Combination of these two drugs displayed synergy in all three cells with a Loewe synergy score above 2 (Fig. 5A ). However, WNT974, a porcupine inhibitor that specifically blocks WNT secretion and downstream Wnt/␤-catenin signaling (36) , displayed no synergistic activity with Erlotinib ( Fig. 5B) . Importantly, tankyrase inhibitor TNKS656 inhibited expression of YAP target gene CTGF and ANKRD1 with minimal effect on ␤-catenin target gene AXIN2 and NKD1 (Fig. 5C ). On the contrary, porcupine inhibitor WNT974 decreased expression of ␤-catenin target gene AXIN2 and NKD1 but not that of YAP target genes (Fig.  5C ). Together, these results suggest that the observed effect of TNKS656 in synergizing with Erlotinib is not mediated by inhibition of WNT/␤-catenin pathway.
To determine a possible role of YAP signaling in mediating Erlotinib resistance, we tested whether knock-out YAP can enhance the growth inhibitory activity of Erlotnib. PC9 cells stably expressing Cas9 were infected with virus expressing control gRNA or gRNA against YAP. Decrease of YAP expression in the cell pool expressing YAP gRNA was confirmed by Western blot analysis (Fig. 6A ). PC9 cells expressing YAP gRNA showed enhanced sensitivity to Erlotnib in CTG assay (Fig. 6B ) and colony formation assay (Fig. 6C) . To determine a possible role of angiomotins in mediating the effect of tankyrase inhibition in NSCLC, we co-infected PC9 cells stably expressing Cas9 with virus expressing gRNAs against AMOT, AMOL1, and AMOTL2. Guide RNAs against angiomotins decreased but did not abolish the expression of AMOT and AMOTL1 (Fig. 6D) , which reflected the heterogeneous nature of infected cell population. Knock-out angiomotins attenuated tankyrase inhibitor-dependent inhibition of YAP target genes (Fig. 6E) . Signif-icantly, growth inhibitory activities of TNKS656 in CTG assay and colony formation assay were largely abolished in PC9 cells deficient of angiomotins (Fig. 6, F and G) . Similar results were obtained in HCC827 cells (supplemental Fig. S3 ). Taken together, these results suggest that tankyrase inhibition increases the potency of Erlotinib, and this activity is mostly mediated by stabilization of AMOTs and inhibition of YAP signaling. This finding provides a rationale of further testing 
. Tankyrase inhibitor TNKS656, but not porcupine inhibitor WNT974, sensitizes NSCLC cells to EGFR inhibitor Erlotinib.
A and B, checkbox assays were performed to measure growth inhibitory effect of combination of Erlotinib and TNKS656 (A) or WNT974 (B) in PC9, HCC827, and HCC4006 cells, and Loewe synergy scores were calculated. Loewe Synergy score above 2 is considered significant. C, effects of TNKS656 and WNT974 on YAP target genes (CTGF and ANKRD1) and ␤-catenin target genes (AXIN2 and NKD1).
tankyrase inhibition in combination with targeted therapies in preclinical tumor models and corresponding early clinical trials.
Discussion
In this study, we performed pooled CRISPR screen using a YAP/TEAD reporter and discovered tankyrase and its associated E3 ligase RNF146 as positive regulators of YAP signaling. Using a proteomics approach, we identified angiomotins as substrates of tankyrase and RNF146 and demonstrated that stabilization of angiomotins mediates YAP inhibitory activity of tankyrase inhibitor. The same notion was put forward in a study (37) that was published during the preparation of this manuscript. Thus, tankyrase plays a key role in controlling angiomotins stability and YAP activation. More importantly, we demonstrate that tankyrase inhibition, but not porcupine inhibition, sensitize NSCLC to Erlotinib, and this activity is dependent on angiomotins. Our data suggest that the growth inhibitory activity of tankyrase inhibitor in NSCLC involves inhibition of YAP signaling but not Wnt/␤-catenin signaling.
Over the past decade, RNAi screening has been the dominating genomic screening approach, but the approach is sometimes complicated by RNAi off-target activities and inefficient knockdown. High-throughput CRISPR screen represents a rev-FIGURE 6. Stabilization of angiomotins is required for growth inhibitory activity of tankyrase inhibitor in NSCLC. A-C, knock-out of YAP sensitizes cells to the growth inhibitory activity of Erlotinib. PC9 stably expressing Cas9 were infected with lentivirus expressing control gRNA or gRNA against YAP. Cells were subjected to Western blot assay (A), CTG assay (B), or colony formation assay (C) in combination with different doses of Erlotinib. For proliferation assays, error bars are S.E., n ϭ 3. Data are representative from at least three independent experiments. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; NS, not significant. D-G, knock-out of angiomotins attenuates YAP inhibitory and growth inhibitory activities of tankyrase inhibitor. PC9-Cas9 cells expressing control gRNA or gRNAs against angiomotins were treated with indicated compound, and subjected to Western blot assay (D), qRT-PCR assay (E), CTG assay (F), or colony formation assay (G). olutionary technology in the field of functional genomics (38) . However, most pooled CRISPR screens published so far are based on cell proliferation and survival. Following a recent study (39) , our work represents the second example of pathway-based pooled CRISPR screen and highlights the power of CRISPR screen for pathway dissection and target identification.
Angiomotins bind to F-actin and also localize at tight junctions (40 -42) . They negatively regulate YAP signaling through different mechanisms: firstly, angiomotins directly interact with NF2, which leads to activation of LATS kinases, increased YAP phosphorylation and reduced YAP nuclear accumulation (3, 43) ; secondly, angiomotins recruit YAP to tight junctions through PPXY motifs on angiomotins and the WW domain of YAP and prevent it from shuttling to the nucleus (4 -6) . In this report, we showed that tankyrase inhibition suppressed YAP signaling through stabilizing angiomotins and retaining YAP in the cytoplasm. The function of angiomotins in YAP signaling is dynamically regulated, including phosphorylation by LATS and AMPK, and ubiquitination by NEDD4-like E3 ligases (44 -46) . Degradation of angiomotins by tankyrase and RNF146 represents another layer of regulation of angiomotins. Whether this regulation itself is controlled should be examined in future studies.
Targeted therapy has been a great success for cancer treatment in the past decades. Despite its success, drug resistance still poses a major threat to cancer patients. Tackling drug resistance has emerged as an increasingly important need in cancer treatment. Interestingly, high YAP/TAZ activity has been correlated to drug resistance (10, 11, 13, 47) . Combination of certain targeted therapies with strategies concurrently targeting YAP signaling may alleviate drug resistance. Indeed, we have shown that tankyrase inhibition enhances growth inhibitory activity of Erlotinib in NSCLC. Importantly, this activity requires angiomotins and it does not appear to involve inhibition of ␤-catenin signaling as one previous study suggested. YAP hyper-activation can also overcome KRAS dependence in mouse tumor models (48, 49) . Interestingly, tankyrase inhibition sensitizes KRAS mutant cancer cells to MEK inhibition (50) . The exact mechanism of this finding is not clear although it might involve FGFR2 feedback. Whether the synergy between tankyrase inhibitor and MEK inhibitor in KRAS mutant cells involves angiomotins stabilization and YAP inhibition should be examined in the future. Because of the key roles of tankyrase in signaling pathways such as Wnt pathway, several tankyrase inhibitors are being developed for cancer. Testing tankyrase inhibitors in combination with targeted therapies in preclinical models and early clinical trials will likely provide new strategies to block YAP signaling and combat drug resistance.
Experimental Procedures
Pooled CRISPR Screen-We designed five gRNAs against each gene using Illumina Human BodyMap 2.0 and NCBI CCDS data sets. The gRNA library containing 90,000 gRNAs was synthesized using array synthesis and cloned into a lentivirus vector by CELLECTA Inc. HEK293T NF2 KO cells with constitutive Cas9 expression and GTIIC-GFP reporter were transduced at MOI 0.5. Ten days after virus transduction, GFP-high and GFP-low cells were sorted using BD FACSAria Cell Sorter. Genomic DNA was collected and subjected to Illumina DNA sequencing for barcode counts. Raw counts from each sample were normalized before analysis. The number of counts for each barcode in the GFP-high sample was divided by the corresponding number in the GFP-low sample to give the fold change. A robust z-score was calculated using the median and mean-absolute deviation across the log2 fold changes of the library combined results. To summarize the results at the gene level, we evaluated the statistical significance of all gRNAs targeting each gene being unusually distributed toward the high end of the distribution (RSA up) and the low end of the distribution (RSA down) using the Redundant siRNA Activity (RSA) algorithm (51) . To visualize the gene significance and result strength, we plotted the RSA down value against the Q1 (the second most depleted gRNA within 5 gRNAs) z-score for each gene for investigating YAP positive regulators. Guide RNA sequences used in this work: Control: GACCGGAACGA-TCTCGCGTA; AMOT: GAGACGACAAGAGCTGGAAG; AMOTL1: GCAGCCTCAGCAGAACAACG; AMOTL2: GCG-GTGCAGGACTGTCCCCG; YAP: TGGGGGCTG TGACG-TTCATC.
Cell Culture-HEK293T, HEK293A, PC9, HCC827, and HCC4006 were obtained from ATCC from 2014-2015 and authenticated using SNP testing in November 2015.
RNA Interference and Transfection-Sequences of siRNAs were described previously (16, 17) . Plasmid transfection was done using Fugene 6 (Roche) and siRNA transfection was done using Lipofectamine RNAiMAX (ThermoFisher Scientific).
Western Blot Analysis, Co-immunoprecipitation, GST Pulldown Assay-Western blot analysis, co-immunoprecipitation, and GST pulldown assay were performed as previously described (17) . Nuclear extracts were generated using NE-PER TM nuclear and cytoplasmic extraction reagents (ThermoFisher). Sources of primary antibodies are: anti-YAP, anti-phospho-S127 YAP, anti-NF2, and anti-GAPDH (Cell Signaling Technology); anti-AMOT (Bethyl Laboratories), anti-AMOTL1, anti-FLAG, anti-␣ tubulin (Sigma); anti-HA (Roche).
Immunofluorescence Staining-Cells were seeded on glass chamber slides and treated with 1 M TNKS656, 1 M IWR1, or DMSO control for 24 h. Cells were then fixed with 4% paraformaldehyde, and permeabilized with 0.2% Triton X-100 in PBS. After blocked with 2% BSA/4% goat serum, cells were stained with anti-YAP antibody (Santa Cruz Biotechnology, 1:500) and followed with secondary antibody Alexa Fluor 568 goat antimouse IgG (Molecular Probes, 1:2000). Coverslips were mounted on glass slides using ProLong Gold antifade reagent containing DAPI (Invitrogen), and the images were taken using confocal laser scanning microscope (Carl Zeiss, Germany) with 40ϫ objective.
Colony Formation Assays-For colony formation assays, cells were seeded at 10,000 cells per well into 6-well plates. At the next day, cells were treated with various compounds at the indicated concentration. Medium was replenished every 3 days. After 14 days, plates were washed with PBS, fixed, and stained with crystal violet solution. After washed with water, plates were dried and imaged.
N-SBP-RNF146⌬RING Pulldown and Quantitative Mass Spectrometry-HEK293T cells stably expressing SBP-RNF146
⌬RING construct were treated with 5 M ABT888 and 3 M XAV939 or 5 M ABT-888 alone. ABT888 is a PARP1/2 inhibitor to suppress strong background PARsylation mediated by PARP1/2. Cells were then washed with ice-cold PBS twice and lysed in RIPA buffer supplemented with 5 M ADP-HPD (Alexis), and pulled down with Streptavidin beads (Sigma). Eluted protein samples were solved by SDS-PAGE. Complete gel lanes were excised and samples were subjected to in-gel tryptic digestion. Peptide extracts from control lane slices (no XAV939 treatment) were labeled with TMT reagent 131 and combined with extracts from corresponding slices of the XAV939 treatment lane which were labeled with TMT reagent 129. Peptide sequencing was performed by liquid chromatography-tandem mass spectrometry. Peptide quantification and normalization were performed as previously described. Protein fold changes were derived as median peptide fold change, p values were calculated using a one-way t test (arbitrarily set to 1 for non-significant single peptide quantitations) and adjusted using the Benjamini-Hochberg False Discovery Rate (FDR). All identified proteins are shown in supplemental Table S1 .
Cell Viability Assay-Cell viability was determined by Cell Titer Glo Luminescence Assay (Promega). Cells were seeded in triplicates in 96-well plates and 1 day after drugs are added accordingly. Five days after luminescence was recorded on an EnVision plate reader (PerkinElmer). For checkbox assays the inhibition of viability relative to DMSO-treated cells was calculated and analyzed as previously described (35) .
Statistical Analysis-For proliferation assays, error bars are S.E., n ϭ 3. Data are representative from at least three independent experiments. For qRT-PCR assay, error bars are S.D., n ϭ 4. Data are representative from at least two independent experiments. For FACS data, Data are representative from at least two independent experiments. Statistical analysis was carried out using one-way ANOVA. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; NS, not significant. 
